INTRODUCTION
An understanding of the aeroelastic behavior of flight vehicles in the transonic regime is of great importance for flight safety. For example, it is well known that aircraft flying into or through the transonic regime may encounter a region of reduced flutter speed known as the transonic flutter dip. Flutter prediction using CAP-TSD for two thin, sweptand-tapered wings compared well with experimental flutter results 13. The goal of the present study was to define the transonic flutter boundary of the Active Flexible Wing (AFW) wind-tunnel model 14,15, for use as guidance during flutter testing, and to evaluate CAP-TSD's flutter prediction capability for a complete and realistic aircraft configuration.
The Active Flexible Wing (Fig. 1) and in air. Flutter boundaries for the heavy gas and air, variations in angle-of-attack and viscous damping, and comparisons with experimental flutter results are also presented.
COMPUTATIONAL PROCEDURES
In this section, an overview of the computational procedures is presented including a description of the CAP-TSD program, the aeroclastic equations of motion, the time-marching solution of these equations, and the modal identification of the resulting free decay transients.
CAP-TSD Program
The CAP-TSD program is a finite-difference program which solves the general-frequency modified transonic For transonic applications, the coefficients are herein defined as
The linear potential equation is recovered by simply setting F, G, and H equai to Zero.
Equation (1) 
where q is a vector of generalized displacements, M is the generalized mass matrix, C is the damping matrix, and K is the stiffness matrix.
Q is the vector of generalized forces where its elements are defined by to permit integration of the equation with respect to time.
Time-Marchin_ Aeroelastic Solution
The aeroelastic solution procedure implemented within CAP-TSD for integrating Eq. (4) is similar to that described by Edwards, Bennett, Whitlow, and Seide121. result of this procedure is that it allows the computation of static aeroclastic deformations at dynamic pressures above the flutter dynamic pressure for the AFW.
Once converged static aeroelastic solutions are computed, the next step is to prescribe an initial disturbance to begin the dynamic structural integration.
Disturbance (ormodal) velocities in the first three modes are used as initial perturbations. About 7 cycles of the lowest frequency (first) mode were needed for accurate modal identification.
For a constant, non-dimensional time step of .01, this required 4000 time steps in the heavy gas and 8000 time steps in air. In determining a flutter point, the freestream Mach number, M,,, and the associated freestream speed, U, were held fixed. A value of the dynamic pressure pU2/2 is then used and free decay transients are computed. These resulting transients of the generalized coordinates are analyzed for their content of damped or growing sine-waves, with the rates of growth or decay indicating whether the dynamic pressure is above or below the flutter value. This analysis then indicates whether to increase or decrease the value of dynamic pressure in subsequent runs to determine a neutrally stable result. 
Modal Identification
As previously mentioned, CAP-TSD generates free decay transients that must be analyzed for the modal stability characteristics.
A typical transient for the AFW model, calculated using CAP-TSD is shown in Fig. 3(a) . The first three modes used in the analysis were excited by specifying an initial condition for each modal velocity to produce a complex decay record. This record is analyzed using a least-squares curve-fit of the response data with complex exponential functions.
The program utilized is a derivative of the one described in Ref. 22 . The components of the transient of Fig. 3 (a) are plotted in Fig. 3(b) to the same scale. The free decay properties of each mode for this condition are readily apparent and the mean or offset value is the static aeroelastic deformation of the mode being analyzed. A sufficient range of dynamic pressure must be considered to determine all relevant flutter points.
ANALYSIS AND RESULTS

CAP-TSD Comnutational Model
The AFW geometry data was obtained from Rockwell International, including detailed airfoil shape information. From this geometry data, a half-span model, with symmetry specified at the centerline, was generated.
This CAP-TSD model consists of a fuselage, the addition of the region aft of the main wing and next to the fuselage referred to as the coat-tail, the main wing with all four control surfaces, and the wing tip ballast store. The grid dimensions for this model are 134x51x62 in the x-, y-, and z-directions respectively for a total of 423,708 grid points. The grid extends 10 root chords upstream, 10 root chords downstream, 2 semi-span lengths in the ydirection, and 10 root chords in the positive and negative z-direction.
Modelling of the wind-tunnel sting mount is done by extending the computational fuselage aft to the downstream boundary. The grid density is increased in regions where large changes in the flow are expected, such as at the leading edge, trailing edge, wing tip, and control-surface sides and hinge lines. The four control surfaces are the leading-edge inboard (LEO, leading-edge outboard (LEO), trailing-edge inboard _I), and trailingedge outboard (TEO).
Each control surface has a chord that is 25% of the local chord and a span that is 28% of the semi-span.
The airfoil definition includes the control surface actuator bumps on the outboard half of the wing. There also exist slight discontinuities on the wind-tunnel model where wing box and control surfaces meet (at the quarter-and three-quarter chord). These discontinuities are not included in the analytical model because of potential numerical difficulties.
The effect of the actuator bumps and the control surface/wing box discontinuities on the measured and computed static pressure distributions will be presented in a subsequent section.
A computergenerated picture of the CAP-TSD model of the AFW is shown in Fig. 4 . Although not shown in the figure, a protrusion on the underside of the fuselage that houses the model's pitch actuator is also included in the analytical model. Analytical modes and frequencies were obtained from a finite-element model and separated into symmetric and antisymmetric modal data sets. The flutter analysis was performed using analytical mode shapes with measured frequencies (ground vibration test). The symmetric data was shown by linear analysis 15 to be the most flutter critical in the higher, subsonic Mach number regime and so only these were analyzed in the present study. A total of eight symmetric modes were included in the model. The interpolation of mode shape displacements and slopes at the computational grid points is done via a surface spline 23. Each structural section was splined separately and then re,combined to form the necessary input to CAP-TSD. The separate structural sections are the wing box, coat-tail, and the four control surfaces. Slender bodies such as the fuselage and tip ballast store are not given any modal definition in CAP-TSD, as was previously mentioned, therefore no modal data was needed for these components.
Static
Aeroelastic Results
The accuracy of the static aeroelastic solution can be determined by comparing analytical results with existing experimental data. There were three sets of experimental data, from the previous AFW tests in the heavy gas, available for this purpose. This data included : 1) pressure coefficient distributions; 2) control-surface effectiveness parameters; and 3) static deflection data computed from experimental pressure distributions due to control-surface deflections 14. It should be noted that the comparisons with the second and third sets of experimental data are not a direct assessment of the static aeroelastic procedure alone, since the accuracy of the control surface modelling within CAP-TSD is obviously an integral part of the result. Static deformation data with no control surface deflection is desirable, but, unfortunately, not readily available. Both sets of data, however, are useful in observing the trends and behavior of the static aeroelastic procedure as well as the control surface modelling within CAP-TSD. Note that the AFW configuration for these previous tests did not include the tip ballast store used in the recent test. For the CAP-TSD calculations to compare with the earlier experiments, the tip bail_st store was deleted and thc tip fairing added.
Pressure
distributions- Figure 5 presents pressure coefficient distributions versus percent chord for CAP-TSD and experiment at Moo = 0.9 and a dynamic pressure, q, of 150 psfat the three span stations shown, where r I is the percent semi-span.
The overall agreement between analysis and experiment is good, with some discrepancies occuring near the trailing edge and wing tip. The first two span stations compare remarkably well from the leading edge up to about sixty percent of the local chord. Sudden changes in the flow can be seen near the quarter-chord at the second span station and near the three-quarter chord for all three span stations. These disruptions in the flow may be caused by the previously-mentioned physical discontinuities where wing box and control surfaces meet. At the second and third span stations, the effect of the actuator bumps on the lower surface pressures is evident. Agreement between analysis and experiment deteriorates at the third span station, possibly due to separated and/or tip vortex flow around the wing tip region.
Analytical and experimental pressure data were also compared at a lower dynamic pressure (q=36 psi') although not presented herein. Since the static aeroelastic deformations at the higher dynamic pressure (q=150 pst) are larger than at the lower dynamic pressure (q=36 psf), the results at the higher dynamic pressure (Fig. 5) provide a more stringent test of the static aeroelastic procedure. Surprisingly, there exists an overall improvement in correlation between analytical and experimental pressure distributions at the higher dynamic pressure. This is possibly due to the fact that at the higher dynamic pressure, the flow tends to remain attached over a larger portion of the wing than at the lower dynamic pressure, creating a condition that is closer to the TSD assumptions of inviscid, attached flow. At Moo = 0.95, q=36 psf, the analytical and measured pressure distributions differ significantly (not shown here), specifically, in the Shock strength and location. Typical for isentropic, inviscid flow theory, the shock is predicted too far aft and too strong when compared with experimental results. Even the use of vorticity and entropy corrections in the analysis did not improve the results significantly.
There are evidently other nonlinear flow effects (separation, boundary layer) and a greater sensitivity to differences in the computational and physical airfoil shape that weaken the comparison at this test condition. was computed 14. These forces were then multiplied by the model's measured structural flexibility matrix to obtain wing deflections. These deflections are therefore quasi-experimental, since they were not measured directly. The CAP-TSD wing deflections were computed by the summation of the products of each converged generalized displacement (from the static aeroelastic solution) with its corresponding mode shape. Figure 7 gives the comparison of the quasi-experimental and the CAP-TSD wing deflections along the chord, or wing station, at three spanwise locations due to a TEO deflection of plus five degrees (trailing-edge down) at Mo_ = 0,9, q=150 psf. It should be mentioned that these are the resultant modal deflections and not the actual shape of the wing, since the latter should include the downward deflection of the TEO control surface.
Control
The larger analytical deflections are consistent with the larger analytical loads predicted for the TEO control surface (Fig. 6) were much smaller for the minus five degree control surface deflection.
Based upon these results, the static aeroelastic solution is viewed as a reasonably accurate approach. The accuracy of the solution, when combined with control surface deflections, is diminished although the trends remain within reason.
Methods for improving the static aeroelastic solution include the application of measured mode shapes (the present aeroelastic analyses uses analytical mode shapes with measured frequencies) and an increased number of mode shapes. Improvement of the control surface modelling may be possible by a finer grid at the control surface boundaries and limiting application to small deflection angles. This may only be valid for the leading-edge controls, since incorporation of boundary layer and separated flows will probably be needed for improvement in the modelling of thc trailing-edge control surfaces.
Dynamic
Results
Results in the Heavv
Gas-
The root locus of the first four elastic modes with nonlinear aerodynamics for Moo = 0.9 and 1.5 degrees angle-of-attack with no viscous damping is presented in Figure 8 . It should be mentioncd that the wing tip ballast store is included in these results. The flutter mechanism involves the coalescence of the second (first bending) and third (first torsion) elastic modes resluting in a flutter dynamic pressure of 213 psf and a flutter frequency of 9.7 Hz. The branch of the root locus for first bending yields the flutter condition. flutter "dip" is evident, with the bottom of the "dip" at Moo = 0.95, a dynamic pressure of 153 psf and a flutter frequency of 9.2 Hz. It is interesting to note that, in the flutter analysis with doublet lattice (linear) aerodynamics 15, the predicted flutter mechanism is a torsion-dominated (third mode) instability for all Mach numbers analyzed in the heavy gas.
The nonlinear aerodynamic terms are, therefore, altering the nature of the flutter mechanism from a torsion-dominated instability to a bending-dominated instability, as seen in Fig. 8 . • ¢aJlll,t..J[_.,_- Figure 10 is the root locus computed bending-torsion instability, driven by the phase lag between the two modes. As Mach number is increased, however, the phase lag between the two modes is gradually reduced to near zero, signaling the presence of a single-degree-of-freedom motion, or bending in the case of Ref. 1. Figure 12 is a plot of Mach number versus flutter dynamic pressure at 1.5 degrees angle-of-attack and no viscous damping.
A severe transonic flutter "dip" is present, with the bottom of the "dip" at Moo = 0.93, a dynamic pressure of 20 psf and a flutter frequency of 7.16 Hz. A variation in transonic flutter "dip" between air and the heavy gas is expected since, as Mykytow 24 pointed out, the greater the mass ratio, the greater the transonic flutter "dip". Reference 1 supports this statement by showing that increases in mass ratio drive the aeroelastic system towards an earlier onset of the nearly singledegree-of-freedom instabihy.
The AFW model in air experiences about double the mass ratio experienced in the heavy gas, and the effect of this increase in mass ratio can be seen in Figs. 8 and 11 . The Moo = 0.85 flutter mechanism in air ( Fig. 11 ) exhibits a slightly stronger bcnding-dominated instability than the Moo = 0.90 flutter mechanism in the heavy gas (Fig. 8) . However, the magnitude and steepness of the "dip" in air is surprising. aerodynamics at Moo = 0.5 are linear, the analysis was performed using the nonlinear aerodynamic equations so that the effect of the nonlinear terms on the flutter mechanism could be evaluated as Mach number was varied. Figure 10 shows the coalescence between the second and third modes, with the third mode (torsion) dominating the instability at a dynamic pressure of 245 psf and a flutter frequency of i1.14 Hz. The flutter analysis using linear aerodynamics in air 15 also predicted a torsion-dominated instability for all Mach numbers from Moo = 0.5 to Moo = 0.9 (highest Mach number evaluated). This implies that the nonlinear terms have little effect on the aerodynamics at Moo = 0.5, as expected.
The root locus for Moo = 0.85 with nonlinear aerodynamics at 1.5 degrees angle-of-attack and no viscous damping is shown in Fig. 11 , with a flutter dynamic pressure of 204 psf and a flutter frequency of 9.55 Hz. At Moo = 0.85, a reversal of the dominant flutter mode from a torsion-dominated instability (Mo,, --0.5) to a bendingdominated instability is noticed, Since the dominant futter mode, predicted with linear aerodynamics, does not vary with Mach number, this reversal of the dominant flutter mode between Moo = 0.5 and Moo = 0.85 (and at Moo = 0.9 in the heavy gas), is a measure of the increasing sensitivity to diffcrences in the aerodynamic modelling.
As Mach numbcr is further increased, thc dominance of the bending flutter moale continues to grow, as if approaching a single-dcgrec-of-freedom (bending) instability. This is consistent with the result by lsogai 1. Reference 1 shows that for a two-dimensional wing (with vibrational properties similar to those of a typical, streamwise section of an aft-swept wing), the flutter mechanism at subsonic Mach numbers is the classical The structural damping of the AFW model was determined from GVT tests to be about 1.5 % critical damping. In order to account for this, flutter analyses were performed at Moo = 0.5, 0.9, 0.93, and 0.95 with a viscous damping value of 0.015 for each mode.
Note that the static aeroelastic analysis for these cases did not have to be frequency, rad/sec
-4 -2 0 2 damping, 1/sec rerun, since the viscous damping 'affects only the dynamic analysis.
The flutter boundary including a viscous damping of 0.015 at 1.5 degrees angle-of-attack can also be seen in Fig. 12 . The bottom of the "dip" is higher but still at Moo = 0.93, going from a dynamic pressure of 20 psf with no damping to 52 psf with damping; an increase of 150%.
At Moo = 0.5, damping increased the flutter dynamic pressure by 50 psf from 240 psf to 290 psf, an increase of 21%. At Moo = 0.9, the increase in flutter dynamic pressure due to damping is 50 psf, an increase of 36%. At Moo = 0.95, the increase in flutter dynamic pressure due to viscous damping is 62%, from 50 psf to 81 psf. Thus the calculated flutter boundary for the AFW in air is sensitive to damping, varying from a moderate sensitivity at Moo -= 0.50 to a strong sensitivity at Moo = 0.93.
In Fig. 12 , the resultant flutter dynamic pressures at Moo = 0.9 and _ = 0.93 for 0 degrees angle-of-attack and a viscous damping of 0.015 can also be seen. Decreasing the angle-of-attack from 1.5 to 0 degrees results in a slight stabilizing effect at Moo = 0.9 and a significant stabilizing effect at Moo = 0.93. An angle-of-attack variation performed at Moo = 0.5 revealed no cliffcrence in flutter dynamic pressure, as would be expccteA.
Exgerimental Results
During wind-tunnel testing of the AFW, a subsonic flutter point was encountered at Moo = 0.5 and a c1=220 psf, but it was considered to be antisymmetric and thus cannot be compared with the current symmetric analysis.
It is speculated that the symmetric and antisymmetric flutter boundaries are separated subsonically with the antisymmetric set being the most flutter critical in this regime; the two instabilities appear to be close, however, at transonic Mach numbers.
During transonic flutter testing, three flutter points in the Mach number range from 0.9 to 0.93 were encountered. Figure 13 presents the CAP-TSD predicted flutter boundary at 1.5 degrees and .015 viscous damping (Fig. 12) flutter frequency was about 8 Hz and the analytical flutter frequency was 7.8 Hz.
As Fig. 13 shows, the linear analyses predicted different trends with increasing Mach number.
The no-flutter track in the tunnel (shown in Fig. 13 ) indicates that the bottom of the experimental transonic flutter "dip" was at about Moo = 0.93 and a dynamic pressure of 146 psf, much higher than that predicted by CAP-,TSD analysis. This is not all that surprising since the discrepancies between TSD theory and experiment that exist in the heavy gas at Moo = 0.95 could be occuring at 
CONCLUSIONS
The goal of this study was to dcfine the transonic flutter boundary of the AFW wind-tunnel model, for guidance during flutter testing, and to evaluate the flutter prediction capability of CAP-TSD for a complete and realistic configuration.
The static aeroelastic and dynamic behavior of the AFW was investigated and compared with experiment.
The static aeroelastic procedure developed was shown to be reasonably accurate.
The accuracy of the procedure is reduced as control surfaces are deflected, probably due to viscous and vortex flows not addressed by TSD theory.
As expected, the accuracy of the static aeroelastic solution at a given dynamic pressure and Mach number depends on how well the TSD assumptions represent the flow at that condition. 
